Ion channels in the plasma membrane of protoplasts isolated from cultured cells of Arabidopsis thaliana were studied by means of the patch-clamp technique applied in the whole-cell configuration. In some protoplasts, depolarizing pulses and, in other protoplasts, hyperpolarizing pulses elicited time-dependent currents; both kinds of current were only rarely observed in the same protoplast. The hyperpolarization-activated inward rectifying currents, the focus of this paper, appeared to be due to the relatively slow opening of channels (activation time constant = 150 to 300 milliseconds), which closed at positive potentials. The reversal potential of this current, measured in the presence of different ion concentrations (symmetrical or asymmetrical K+ and Cl-or gluconate), was always close to the electrochemical equilibrium potential of KV. The currents were inhibited by 10 millimolar tetraethylammonium, a K channel blocker. These data show that the hyperpolarization-activated currents flow through K+ channels, which can provide a pathway for the passive diffusion of K+ down its electrochemical gradient.
in the plasma membrane of cultured suspension and barley aleurone cells (3, 9) . In this kind of cells, which does not undergo rapid changes in turgor, as well as in all other cells of higher plants, K+ channels could contribute to the electric homeostasis ofthe cytoplasm. They could mediate passive Kĩ nflux under conditions of membrane hyperpolarization due to the activity of the H+-ATPase and external K+ concentrations >1 mm (mechanism II according to Epstein et al. [4] ). They could also mediate K+ release under conditions of membrane depolarization due to influx of cations (i.e. Ca2") or solutes electrogenically cotransported with protons.
We studied K+ channels localized in the plasma membrane of suspension cultured cells, which are actively growing and so presumably endowed with high rates of ion exchange. We utilized Arabidopsis thaliana cells, a plant frequently used in genetic studies because of its small genome, short life cycle, small size, and large seed output. The study of ion channels in these cells offers the possibility of extending the investigation to mutants altered in transport mechanisms.
MATERIALS AND METHODS
Electric and ionic homeostasis of the cytoplasm can be maintained by the coordinated operation of pumps, which catalyze translocation against electrochemical gradient, and ion channels, which mediate passive transport.
Evidence for the presence of channels in the plasma membrane of plant cells is increasing. In (Calbiochem) , and 0.5% driselase (Sigma). After 210 min of digestion, the suspension was filtered through 100-,tm pore nylon cloth, 5 volumes of 25 mm TrisL-MesL buffer (pH 7.5) was added, and the suspension was centrifuged for 5 min at 160g at 4°C. The pelleted protoplasts were resuspended in 25 mM TrisL-MesL buffer (pH 7.5), containing 0.6 M mannitol.
Patch-Clamp Recording
A drop of the protoplast suspension was laid in the recording chamber, the bottom of which was a glass coverslip to facilitate adhesion, and was thermoregulated at 15 to 17C. When the protoplasts settled down, the suspension medium was changed by flushing with the desired external solutions.
Protoplasts with a diameter >30 ,m were used in the experiments. The patch-clamp technique was applied in the wholecell configuration (12) . After the pipette was sealed to the protoplast (resistance > 10 Gil), the passage to the whole-cell condition was achieved by suction or, sometimes, by applying pulses of high-frequency oscillations to the pipette. Equilibration between the interior of the protoplast and the pipette solution occurred after a few minutes after the establishment of the whole-cell configuration (12, 14) . Stable currents and reversal potentials could then be measured.
The electrodes had resistances of 4 to 6 Mfl. The patchclamp amplifier was designated and built by Professor E. Wanke and Mr. G. Mostacciuolo (Department of General Physiology and Biochemistry, University of Milan, Milan, Italy). All experiments were performed in the voltage-clamp mode and were under computer control (Olivetti M240 PC) using a software-hardware system from Axon Instruments (pclamp program package software and TL-l DMA Labmaster A/D and D/A peripherals). Membrane potential was varied according to a preprogrammed schedule and the resulting membrane current was filtered at 5 KHz, digitized, and stored for further analysis.
During the recordings of the currents, no leakage subtraction was performed. In the I-V2 plots, instead, the current values represent only the time-dependent component of the current, i.e. the initial instantaneous jump of current was subtracted from the final value at the end of the 1.5-s pulse. Only for Figure 1 , top right, were uncorrected final values used for the negative potentials.
Solutions
The pipette solution contained 100 mM KCl or potassium gluconate, 2 mM MgSO4, 2 mm TrisL-HepesL buffer (pH 7.2), and 0.1 M free Ca2" buffered with 5 mm EGTA (2). The external solution contained 100 or 10 mM KCI or potassium gluconate as specified in the text, 2 mM MgSO4, 2 mM TrisLHepesL buffer (pH 7.2), and 3 mM CaSO4. In the experiment represented by Figure 4 , symmetrical 100 mM Cl-in the -presence of asymmetrical K+ was obtained by adding 90 mM tetramethylammonium chloride. The osmolarity of both pipette and external solutions was adjusted to 0.6 osmolar with mannitol. All solutions were filtered through 0.22-jim Millipore filters just before use. Figure 1 shows three typical examples of the whole-cell currents elicited by voltage in suspension cell protoplasts of A. thaliana. In all cases after application of the voltage pulse from a Vh of 0 mV, an instantaneous jump of current was observed followed by a slow increase of the current until a steady value was reached. The amplitudes of the instantaneous current varied in the different protoplasts and this could be due, at least in part, to leakage. We thus neglected the instantaneous currents and concentrated on the time-dependent component of the current (i.e. the difference between the total current and the instantaneous jump).
RESULTS
With symmetrical 100 mM KCl concentrations in about 50% of the examined protoplasts (n = 150), depolarizing pulses to + 140 mV from Vh = 0 mV activated increasingly higher outward membrane currents, whereas for hyperpolarizations a strong resistance of the membrane was observed (Fig. 1, top left) . This outward rectification of the current is clearly shown by the I-V curves (Fig. 1, top right) . In other protoplasts (n = 62), membrane hyperpolarizations to -180 mV from Vh = 0 mV elicited inwardly rectifying currents, whereas depolarizations induced very small currents (Fig. 1,  middle) .
Only in a few (<10%) protoplasts was an intermediate behavior observed (Fig. 1, bottom) . Both hyperpolarizations and depolarizations activated time-dependent currents, but in this case both currents were smaller than the outwardly and inwardly rectifying currents shown in the top and middle panels (note the different scale).
In this paper we focus on the hyperpolarization-activated currents. These currents are due to the opening of channels by internal negative potentials. These channels rapidly close at positive potentials. In fact, Figure 2 (left) shows that application ofa positive voltage of +60 mV after current-activating hyperpolarizations ofincreasing duration to -180 mV elicited rapidly decaying outward currents of increasing amplitude.
To determine which ion passes through these channels, the EreV ofthe currents was measured by the "tail current" method.
Activating pulses of constant amplitude were followed by repolarizations to different membrane potentials giving rise to tail currents. In symmetrical 100 mM KCl (Fig. 2, right Figure 3 (bottom left) where hyperpolarizing pulses at -180 mV were followed by repolarizing pulses ranging from -90 to 0 mV.
In this condition, reversal of the tail currents was observed at approximately -50 mV, a potential close to EK, thus indicating that the hyperpolarization-activated currents are substantially carried by K+. In Figure 3 (bottom right), the I-V curves of the currents shown in the top panels are reported. From these data it appears that the K+ chord conductance is not influenced by the electrochemical K+ gradient (i.e. V -EK), Figure 4 shows results of tail experiments in asymmetrical K+ (10 mm out and 100 mm in) and symmetrical Cl-(100 mM), obtained by replacing K+ with tetramethylammonium+ (left) and in the presence of an accompanying anion considered not permeant to the membranes, i.e. in asymmetrical potassium gluconate (10 mm out and 100 mm in) (right). In both experiments, the Ere, of the currents is close to EK being the tail currents flat at -50 mV.
Tail experiments under the described ion conditions were performed in different protoplasts (n 2 10 for each condition), giving E,Tv values between 0 and -10 mV with symmetrical K+ and between -50 and -60 mV with asymmetrical K+. Figure 5 shows a typical experiment (n = 6) on the effect of tetraethylammonium, a commonly used blocker of K+ channels, on the hyperpolarization-activated currents. Addition of 10 mm tetraethylammonium to the external medium reduced the currents measured in symmetrical 100 mM KC1 solutions (cf. top right with top left). The I-V curves (bottom) clearly show that the inhibition by TEA' is voltage dependent, increasing from 30 to 57% when the applied potential was increased from -60 to -180 mV. In one protoplast, the inhibition by TEA' was slightly lower (-22 and -35% at -60 and -180 mV, respectively), whereas in another case, the inhibition was nearly complete.
CONCLUSIONS
The data show that time-and voltage-dependent channels are present in the plasma membrane of A. thaliana cultured cells. In symmetrical 100 mM KCI, the opening of these channels is elicited by membrane depolarization (positive to +20 mV) in some cells and by membrane hyperpolarization (negative to -60 mV) in other cells. Depolarization-and/or hyperpolarization-activated currents, carried by K+ or Cl- ions, have been shown to be present in both algae and higher plants (7, 21) and to be regulated by cytoplasmic Ca2+ (6, 8, 18 (17, 19 Fig. 2 ). The physiological role of the hyperpolarization-activated K+ channels in the plasma membrane may be that of contributing to the maintenance of the electric homeostasis of the cytoplasm by mediating the passive diffusion of the K+ ions down the electrochemical gradient under conditions of hyperpolarization of the plasma membrane due to the activity of electrogenic pumps (i.e. H+-ATPase).
The data presented here are the first, except for a recent paper concerning single-patch configuration (10), regarding A. thaliana plasma membrane channels and show that this is suitable material for the study of ion channels by the patchclamp technique. Mutants from this plant are easily obtained, and future investigation of the transport mechanisms and their regulation may be possible.
